INTRODUCTION
The Electrical Conductivity Object Locator @COL) uses electric conductivity maps to distinguish buried foreign objects from the regular soil in the subsurface. Assuming that foreign objects and the regular soil have different electrical conductivities, when an electrical current is induced into the subsurface, the difference in conductance causes an electrical field distortion. Theoretically, one can measure the outside field distortion to solve the conductivity profile. Because the problem is highly nonlinear and has noisy field conditions, mapping the conductivity profile is an interesting and challenging task. In addition, the high contrasts in conductivity values among metallic and nonmetallic objects and soil and the high correlation within the model parameters add to the level of difficulty. The high contrast causes the computational instability in the inversion; the high correlation is due to locating the small objects. The ECOL technology utilizes several techniques that The Johns Hopkins University Applied Physics Laboratory (JHU/ApL) developed to overcome the difficulties and locate the mine-like small objects.
ECOL applies a low-amplitude (100-pA to 500-p-4) electric alternating current, single or multiple frequency. The impressed AC current generates AC potentials and magnetic fields throughout the site; these are measured at the surface and the boundary of the site. Also, ECOL establishes a finite element model to compute the surface and boundary values from the amount of current, physical structure, and assumed or previous estimated conductivity profile of the subsurface. ECOL estimates the conductivity profile of the subsurface and the characters of the buried object by minimizing the sum of the square of the differences between the measured and the computed values. The minimization is based on a gradient approximation technique, namely, simultaneous perturbation stochastic approximation (SPSA) [1, 2] . A finite element method (FEM) is used to compute the potentials or magnetic field along with the experimental values (at the boundary) from a conductivity profile.
techniques involve placing electrodes around the site that contains objects under investigation and sending a known amount of electrical current through the site. The current generates electrical potentials or fields that are measured using another set of elecrrocles placed on the surface. Next, the internal conductivity of the object is reconstructed using the measured potential values, injected current, and the location of the elecrrodes. Several types of mathematical reconstruction algorithms have been used and reported since 1970s [3, 4, 5, and 61. Most of these techniques have attained a certain level of qualified success: the subsurface conductivity can be mapped (1) when the differences in the conductivity values between the site elements and objects are small and (2) when {he internal structure and the substance is well defined [7] . However, none of these techniques has been successful in locating small plastic or metal mines buried at shallow depths.
The ECOL technique maps and creates images of the conductivity profiles of the subsurface at the region of interest by injecting electricall currents into the system. It is a noninvasive technique that works in five major steps (see Fig. 1 ). Steps 1 and 2 provide the experimental data needed for the reconstruction procedure described in Steps 3 through 5 that locates and characterizes the buried object.
Step 1: Electrodes are placed around the site and 
Conductivity
Perturbations to Profile The "+" and 'I-" signs in Fig. 1 represent mathematical termed conductivity-tomography or electrical-impedanceoperations as they are diescribed in the steps. In a tomography, have been reponed in the published literature simulation, the first two steps would be replaced by the since the late 1970s [3, 4, 5, and 61. These measurements boundary potentials computed from an assumed have been widely used in mapping the intemal conductivity conductivity profile; the lasit three steps remain unchanged. of biological bodies, as well as geological sites. These connected to a power source. An electric current is injected into the site (Block 1 in Fig. 1 ). The electric current generates electrical potentials in the entire site, including the surface.
Step 2: The electrical potentials generated in Step 1 are measured using "reference electrodes" placed at the surface of the soil (Block 2 in Fig. 1 ).
Step 3 The subsurface of the site is divided into many elements. Each element is given an initial arbitrary conductivity value (Block 3 in Fig. 1 ).
Step 4 This step consists of two subunits.
Step 4a constructs a perturbation array from a random set of nmbers generated from Bernoulli distribution with outcome +1 and scaled by a step gain constant. (The choice of the step gain constant is according to the requirements of SPSA.) Then, two perturbed conductivity profiles are created from adding and subtracting the perturbation array from a set of previously estimated or assumed parameters (Block 4a in Fig. 1 ).
Step 4b computes voltage potentials for every element within the soil subsurface from the perturbed conductivity profiles using an FEM-bound algorithm (Block 4b in Fig. 1 ).
Step 5: The SPSA algorithm compares the computed boundary values from
Step 4b with the measured values from
Step 2 to approximate the gradients that update the parameters. Finally, it returns to Step 4 for next iteration (Block 5 in Fig. 1) , if the termination criteria are not reached.
RECONSTRUCTION OF THE INTERNAL CONDUCTIVITY OF THE MINE LOCATION
The reconstruction process was described in Step 4a (SPSA) and
Step algorithm can be found in [9] .
FIELD DEMONSTRATIONS
The applicability of ECOL to locate mine-sized objects was demonstrated through two separate sets of field tests. The setting is shown in Fig. 3 . In Test 1, a 20-inch-diameter by 5-cm-thick plastic object was buried and located at two separate times. First, it was located 30 minutes after burial, and the second time it was located about 5 months after burial. In Test 2, a 10-cm-diameter by 7-cm-thick metal object was buried and located 30 minutes after burial. In both cases, the soil was not specially modified for testing or demonstrating purposes; other items, roots, pebbles, and the plants present in the site were left mostly undisturbed. The test objects were buried only 10 to 15 cm below the soil surface. The total area of the site tested was approximately 300 cm by 300 cm. The results of the tests are described below.
Figs. 4 and 5 show the reconstructed subsurface conductivity for the field experiments; only the middle section around the location of the object is shown. Fig. 4 shows the results from the plastic object that was buried -1.1 -3.9 4.1   -4.1 4 . 1 -3.9t4,1 -4.1 -3   "3.9-3.9-3.9-3.9-3.9-4.1-4.14.1 -3 .
Figure 4 Reconstruction of the Conductivities for Test 1
The table envies are in log scale between the fourth and fifth elements from the left on the second row of the figure and occupied only a fraction of both elements. Note that the low-conductivity value representing plastic-like object is clearly identifiable. The estimated location is 5 cm left of the buried site and is omitted from the figure. Fig. 5 shows the results from the metal object which was buried at the same location as the plastic object. Clearly, it is a reverse condition, the highconducting metal-like object shown in the table. In addition, the conductivity of the soil, which is much higher than the plastic object in Fig. 3 (or much lower than the metal object in Fig. 4) , is nonuniform. We attribute this to the presence of pebbles and roots in the soil. The numbers shown in both figures emerged after only 100 iterations and took less than 5 minutes in a Pentium-equipped computer.
Note that these experiments were conducted under a virtual blindfold condition, in which the algorithm made no a priori assumption either the character of the objects or the conductivity value of the soil.
CONCLUSIONS
The purpose of the Electrical Conductivity Object Locator is to generate an internal map of the location, size, and conductivity of all objects in a suspected site having plastic and/or metal mines. In this work, we have demonstrated that the ECOL technique is able to locate small-sized plastic and metal objects buried in shallow depths in cluttered soil.
The ECOL technique assumes spatial nonuniformity for conductivity of the soil subsurface. It divides the subsurface space into several elements and assumes that the objects of interest are present within some of those elements. The technique injects a small-amplitude, low-frequency electrical current into the soil and measures the resulting electrical potentials at the soil surface. The conductivity of each element of the subsurface is reconstructed using the injected current as the input parameter and the measured potentials as the bounclary condition. A sequence of algorithms, all of which were developed at JHU/APL, is used in the reconstruction procedure. The heart of the procedure is the Simudtaneous Perturbation Stochastic Algorithm (SPSA), which is quite diferent from other wellknown conventional gradient techniques.
While the conventional gradient techniques can and do reconstruct successfully when accurate gradient (potential) data are available, they fail when the gradient data are inaccurate or contaminated with noise. Under most field conditions, one should expect and be prlepared to deal with measurement inaccuracies, as well as noise in the data. The success of the SPSA algorithm is attributed to its ability to reconstruct even under extreme conditions of noise and inaccuracies in the input parameters and boundary conditions.
Another practical advamtage of the ECOL technique is that the current can be injected into the soil from a location that is away from the area. of interest or where the mines are presumed present. However, the technique is limited by the need to insert the electrodes into the soil for measuring the potential. We plan ti0 overcome this limitation by measuring the localized magnetic field generated by the impressed current using magnetometers traversing above the soil surface.
